MXene-based heterostructures have received considerable interest owing to their unique properties. Herein, we examine various heterostructures of the prototypical MXene Ti3C2T2 (T=O, OH, F; terminal groups) and graphene using density functional theory. We find that the adhesion energy, charge transfer, and band structure of these heterostructures are sensitive not only to the surface functional group, but also to the stacking order. Due to its greatest difference in work function with graphene, Ti3C2(OH)2 has the strongest interaction with graphene, followed by Ti3C2O2 and then Ti3C2F2. Electron transfers from Ti3C2(OH)2 to graphene but from graphene to Ti3C2O2 and Ti3C2F2, which causes a shift in the Dirac point of the graphene bands in the heterostructures of monolayer graphene and monolayer MXene. In the heterostructures of bilayer graphene and monolayer MXene, the interface breaks the symmetry of the bilayer graphene; in the case of the AB-stacking bilayer, the electron transfer leads to an interfacial electric field that opens up a gap in the graphene bands at the K point. This internal polarization strengthens both the interfacial adhesions and the cohesion between the two graphene layers. The MXene-graphene-MXene and graphene-MXene-graphene sandwich structures behave as two mirror-symmetric MXene-graphene interfaces. Our first principles studies provide a comprehensive understanding for the interaction between a typical MXene and graphene.
ABSTRACT:
MXene-based heterostructures have received considerable interest owing to their unique properties. Herein, we examine various heterostructures of the prototypical MXene Ti3C2T2 (T=O, OH, F; terminal groups) and graphene using density functional theory. We find that the adhesion energy, charge transfer, and band structure of these heterostructures are sensitive not only to the surface functional group, but also to the stacking order. Due to its greatest difference in work function with graphene, Ti3C2(OH)2 has the strongest interaction with graphene, followed by Ti3C2O2 and then Ti3C2F2. Electron transfers from Ti3C2(OH)2 to graphene but from graphene to Ti3C2O2 and Ti3C2F2, which causes a shift in the Dirac point of the graphene bands in the heterostructures of monolayer graphene and monolayer MXene. In the heterostructures of bilayer graphene and monolayer MXene, the interface breaks the symmetry of the bilayer graphene; in the case of the AB-stacking bilayer, the electron transfer leads to an interfacial electric field that opens up a gap in the graphene bands at the K point. This internal polarization strengthens both the interfacial adhesions and the cohesion between the two graphene layers. The MXene-graphene-MXene and graphene-MXene-graphene sandwich structures behave as two mirror-symmetric MXene-graphene interfaces. Our first principles studies provide a comprehensive understanding for the interaction between a typical MXene and graphene.
I. INTRODUCTION
Heterostructures of different two-dimensional (2D) materials, such as graphene, hexagonal BN (h-BN), MoS2, and phosphorene, are attracting greater attention [1] [2] [3] . These heterostructures, held together mainly by van der Waals (vdW) forces, can mix the intrinsic electronic properties of the dissimilar 2D materials and result in new electronic properties that may have potential applications in electric energy storage, electronics, and catalysis. MXenes are a new family of 2D transition-metal carbides/carbonitrides/nitrides/borides that have already shown promises in batteries, capacitors, and electrocatalysis owing to their diverse and attractive properties [4] [5] [6] [7] [8] [9] [10] [11] [12] . Hence, the large variety of compositions provide a new type of building block beyond the usual 2D materials (such as graphene, h-BN, and MoS2) for composite materials [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The weak Fermi-level pinning at 2D vdW heterostructures of metal-semiconductor junctions has been shown to enable the effective tuning of Schottky barrier for 2D metals such as h-NbS2 [22] . Since most functionalized MXenes are metallic [23, 24] and their work function can be tuned by surface termination [25] [26] [27] , using MXenes as the 2D metal has the potential to yield novel designs of 2D vdW heterostructures of metal-semiconductor junctions with tunable Schottky barrier heights for electronics applications.
The composite materials of MXenes have gathered more interest in capacitive energy storage.
As a representative MXene, Ti3C2Tx (T = OH, O and F; terminal groups) has been experimentally investigated for its excellent performance in capacitive cycling [28] [29] [30] [31] [32] [33] . Aïssa et al. [15] investigated the transport properties of a sandwich-like Ti3C2Tx/graphene composite and found a clear correlation of both electrical conductance and Hall carrier mobility with respect to the graphene concentration. Xu et al. [16] showed that Ti3C2Tx/graphene films exhibited a high volumetric capacitance and a synergistic effect between graphene and Ti3C2Tx nanosheets. Yan et al. [17] demonstrated that graphene sheet could be inserted into the MXene layers to form a well-aligned ordered structure, preventing the self-restacking of MXene layers and facilitating the rapid diffusion and transport of electrolyte ions in the increased interlayer spacing.
Despite the many experimental studies on the Ti3C2Tx/graphene composites and layered structures, the fundamental interfacial energetic and electronic properties of the MXene/graphene heterostructures are still unclear. Here we investigate the Ti3C2Tx/graphene heterostructures by means of first-principles density functional theory (DFT). We consider different configurations of stacking, including Ti3C2Tx/graphene, graphene/Ti3C2Tx/graphene, Ti3C2Tx/graphene/Ti3C2Tx, and comparison of graphene single layer and bilayer for interfacing Ti3C2Tx. We focus on interfacial charge transfer and adhesion energetics as well as the change in the band structure with respect to the individual building blocks.
We organize the rest of the paper as follows: Section II describes the models for the Ti3C2Tx/graphene heterostructures and the DFT method we use; Sec. III presents the results of geometries, band structures, and energetics as well as their analyses; Sec. IV summarizes the main results and conclusions.
II. HETEROSTRUCTURE MODELS AND COMPUTATIONAL DETAILS
We consider three different surface-termination groups for Ti3C2T2, with T = O, OH, and F, namely, Ti3C2O2, Ti3C2(OH)2, and Ti3C2F2; for convenience, they are abbreviated as MO, MOH, and MF, respectively. All the functional groups are located at the fcc hollow site of Ti3C2 which is energetically more favorable than the hcp site [24] . The calculated in-plane lattice constants First principles calculations are carried out using density functional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) [34] with periodic boundary conditions. The projector-augmented wave (PAW) method [35] and GGA-PBE [36] exchangecorrelation functional are used. The Grimme's DFT-D3 scheme [37] of dispersion correction with zero damping is adopted to account for the van 
III. RESULTS AND DISCUSSIONS
To understand the interfacial energetic and electronic properties, we investigate the Ti3C2T2/graphene heterostructures in different stacking order and their interfacial charge transfer, adhesion energetics, and band structure. We start with the simple monolayer MXenegraphene heterostructures and compare their properties with the individual building blocks and then move to more complex interfaces. Fig. 1 [38] . Indeed, we found that the adhesion energies at the interfaces between MF and G as well as between two MXene layers (Table I ) are close to this value, indicating the dominance of the vdW interaction. In contrast, the much higher adhesion energies found for the MO_G and MOH_G indicate additional contribution due to the interfacial charge transfer.
A. Monolayer MXene with monolayer graphene
From the computed Bader charges, we found that the interlayer interaction correlates with the amount of charge transfer across the interface ( has been attributed to the surface dipole of the O-H groups [25, 39] . Modulation of the work function by surface engineering has been previously suggested for MXene design [26] . The interfacial charge transfer is also reflected in the band structure (Fig. 1) . Despite the band mixing in all three heterostructures, the main feature of graphene is preserved but shifted. 
B. Monolayer MXene with bilayer graphene
Bilayer graphene allows us to explore how the MXene/graphene interface impacts the two layers of graphene and their band structures differently with the monolayer of graphene. We considered both AB-stacking and AA-stacking for the bilayer graphene and abbreviate them as 2GAB and 2GAA. For example, a heterostructure of the Ti3C2O2 MXene with the AA-stacking graphene bilayer will be denoted as MO_2GAA. The optimized geometries and band structures of the MXene_2G heterostructures are shown in Fig. 3 and Fig. 4 for AA and AB stacking, respectively. Since the work function of the bilayer graphene is similar to that of the monolayer graphene (Table II) between the upper and lower bands which now show a Mexican-hat shape due to the interaction of the two layers. Such features were also found in 2GAB in an external electric field [43, 45] .
Similarly, one can consider that 2GAB in MO_2GAB and MOH_2GAB is under an internal polarization after interfacial electron transfer, leading to charge imbalance in the two graphene layers and the band-structure features. In comparison with the monolayer MXene_G heterostructures, the interfacial adhesion is about 10% stronger in the MXene_2G heterostructures (Table I) . Comparing AA and AB stackings, we found that the strength of the interfacial adhesion is similar for MF_2G but slightly stronger for AB stacking in MO_2G and MOH_2G. Moreover, the cohesive energy between the two graphene layers (EG-G) is in fact larger in MXene_2G heterostructures than in pristine 2G (Table III) for both AA and AB stackings. We think that this enhanced cohesion is due to the polarization of the graphene bilayer by the MXene layer in the heterostructures; the interlayer spacing between the two graphene layers remains similar (Table IV) Comparing the cohesions of graphene layers (1.59 eV/nm 2 for AB-stacking graphene bilayer; 
C. Graphene_MXene_graphene sandwich structures
Sandwich structures allow us to explore two MXene-graphene interfaces at the same time.
Fig . 5 shows the optimized geometries and band structures of the graphene-Ti3C2T2-graphene heterostructures for the three terminal groups, denoted as G_MO_G, G_MOH_G, and G_MF_G. The electron transfer occurs in both the upper and lower interfaces; the two interfaces behave very similarly, as seen in both the amount of electron transfer and the band structure. Essentially, the graphene-Ti3C2T2-graphene heterostructure can be viewed as two separate Ti3C2T2-graphene interfaces, so the interfacial adhesion energy and the band structure (Table I and Fig. 5 ) of graphene-Ti3C2T2-graphene are similar to those of Ti3C2T2-graphene (Table I and 
IV. CONCLUSION
In sum, we have carried out a comprehensive first principles study of the structural and electronic properties of Ti3C2T2/graphene heterostructures of different configurations for T=O, OH, and F groups. We found that the difference in work functions of the individual building layers dictates the direction and magnitude of electron transfer at the interface. The resulting polarization of the interface impacted both the strength of the interfacial adhesion and the band structure. It also broke the symmetry of the bilayer graphene in the heterostructures, but strengthened both the interfacial adhesions and the graphene cohesion. The MXene-grapheneMXene and graphene-MXene-graphene sandwich structures could be understood as two mirror-symmetric separate MXene-graphene interfaces.
